Recent plastid phylogenomic studies have helped clarify the backbone phylogeny of angiosperms. However, the relatively limited taxon sampling in these studies has precluded strongly supported resolution of some regions of angiosperm phylogeny. Other recent work has suggested that the 25,000-bp plastid inverted repeat (IR) region may be a valuable source of characters for resolving these remaining problematic nodes. Consequently, we aligned all available angiosperm IR sequences to produce a matrix of 24,702 aligned bases for 246 accessions, including 36 new accessions. Maximum likelihood analyses of the complete data set yielded a generally well-supported topology that is highly congruent with those of recent plastid phylogenomic analyses. However, reducing taxon sampling to match a recent 83-gene plastid analysis resulted in significant changes in bootstrap support at some nodes. Notably, IR analyses resolved Pentapetalae into three wellsupported clades: (1) superasterids (comprising Santalales, Caryophyllales, Berberidopsidales, and Asteridae), (2) superrosids (comprising Vitaceae, Saxifragales, and Rosidae), and (3) Dilleniaceae. These results provide important new evidence for a stable, well-supported phylogenetic framework for angiosperms and demonstrate the utility of IR data for resolving the deeper levels of angiosperm phylogeny. They also reiterate the importance of carefully considering taxon sampling in phylogenomic studies.
Introduction
A well-supported phylogeny of Angiospermae (extant angiosperms) is crucial for understanding the developmental, morphological, and ecological history of flowering plants. Over the past 20 years, studies employing targeted sequencing of one to several genes have brought much of the backbone phylogeny of Angiospermae into focus (reviewed in Olmstead 2004 and Soltis et al. 2005 ). For example, such studies have revealed that the species-poor clades Amborella, Nymphaeales, and Austrobaileyales form a grade sister to all other Angiospermae and that the bulk of angiosperm diversity is represented by the large clades Eudicotyledoneae and Gunneridae (¼core eudicots; order and family names throughout follow APG III 2009, whereas the names for more inclusive clades follow Cantino et al. 2007 ). Nevertheless, many deep-level Angiospermae relationships, such as those among the major clades of Mesangiospermae (Chloranthaceae, Magnoliidae, Ceratophyllum, Monocotyledoneae, and Eudicotyledoneae) and Pentapetalae (¼core eudicots excluding Gunnerales), have eluded resolution when only a few genes were used (Soltis et al. 2000 (Soltis et al. , 2005 Hilu et al. 2003; Worberg et al. 2007; Burleigh et al. 2009 ). Recently, several researchers have turned to analyses of 61-83 plastid genes to improve resolution among major clades of Angiospermae (Leebens-Mack et al. 2005; Cai et al. 2006; Jansen et al. 2007; Moore et al. 2007 Moore et al. , 2010 . For example, analyses of large numbers of plastid genes have provided the strongest support yet obtained for relationships among the five major clades of Mesangiospermae, including moderate to strong support for a clade consisting of Monocotyledoneae, Ceratophyllum, and Eudicotyledoneae (Jansen et al. 2007; Moore et al. 2007 ). Likewise, plastid phylogenomics has further refined Eudicotyledoneae relationships, revealing that Pentapetalae comprise two major clades: a superrosid clade consisting of Rosidae, Saxifragales, and Vitaceae and a superasterid clade consisting of Berberidopsidales, Santalales, Caryophyllales, and Asteridae (Moore et al. 2010 ).
However, even with complete plastid genome sequence data, several deep-level Angiospermae relationships have yet to be resolved. For example, the placement of Dilleniaceae within Pentapetalae remains problematic. In studies involving one to several genes, the family has frequently appeared as sister to Caryophyllales (in the superasterids), albeit with weak support (Soltis et al. 2000 Burleigh et al. 2009 ). Maximum likelihood (ML) analyses of 83 plastid genes reject this placement of Dilleniaceae, instead resolving Dilleniaceae as sister to the superrosid clade, although again with weak support (Moore et al. 2010) . Likewise, relationships among some deep-level Eudicotyledoneae clades (e.g., Buxales, Trochodendrales, and Gunneridae), as well as those among the three major superrosid clades (Vitaceae, Rosidae, and Saxifragales), remain unsettled. Support for relationships among these clades has been low or moderate even with gene-rich plastid genome data sets (Soltis et al. 2005 Jansen et al. 2007; Moore et al. 2007 Moore et al. , 2010 Worberg et al. 2007; Burleigh et al. 2009; Wang et al. 2009 ).
A serious current limitation of plastid phylogenomic studies is relatively sparse taxon sampling. For example, complete plastid genome sequences are available for just four species of Caryophyllales, two species each of Saxifragales and Santalales, and only one species each of Vitaceae, Dilleniaceae, and Berberidopsidales. The potential problems and pitfalls of low taxon density for topology estimation and support values are well known (Soltis and Soltis 2004; Leebens-Mack et al. 2005; Heath et al. 2008) . However, improving taxon sampling through sequencing additional complete plastid genomes can be limited by expense and requirements for fresh tissue (although cost is declining rapidly and alternative methods of isolating plastid DNA are being explored; Cronn et al. 2008) . To increase taxon density efficiently and economically in crucial portions of angiosperm phylogeny, we have sequenced the complete or nearly complete inverted repeat (IR) region of the plastid genome for more than 134 phylogenetically pivotal angiosperm species (Jian et al. 2008; Brockington et al. 2009; Soltis et al. 2009; Wang et al. 2009 ), including 36 accessions reported here for the first time. Combining these sequences with existing IR data has enabled us to assemble a large, character-rich data set of nearly 250 species of Angiospermae that more fully represents flowering plant diversity, compared to recent studies employing all angiosperm plastid protein-coding and rRNA genes.
A feature of nearly all land plant plastid genomes, the IR divides the plastid genome into large and small single-copy regions, which in Angiospermae are ;85 kilobase pairs (kb) and 20 kb in length, respectively (Downie and Palmer 1992; Raubeson and Jansen 2005) . In most Angiospermae, the IR is between 22 and 26 kb in length, with much of this size variation due to expansion and contraction of the ends of the IR as well as pseudogenization of some genes (e.g., rpl23, ndhB, and ycf2) and occasional loss of introns (e.g., ndhB and rpl2 introns) in various taxa (Palmer 1991; Downie and Palmer 1992; Plunkett and Downie 2000; Raubeson and Jansen 2005; Wang et al. 2008) .
The IR is also characterized by a highly conserved structure and an evolutionary rate that is low compared to that of the single-copy regions (Wolfe et al. 1987; Downie and Palmer 1992; Raubeson and Jansen 2005; Moore et al. 2007; Jian et al. 2008) , facilitating its amplification (Dhingra and Folta 2005) and potentially reducing the effects of mutational saturation on phylogenetic estimation (Felsenstein 1978; Bull et al. 1993) . The length of the IR may also enhance its phylogenetic utility, as simulation studies have suggested that increasing sequence length by using slowly or moderately evolving regions may improve phylogenetic accuracy more than utilizing sequences with a relatively fast rate (Wortley et al. 2005) . Recent phylogenetic studies in Saxifragales, Rosidae, and Caryophyllales have indeed demonstrated that the IR is an appropriate marker for obtaining high resolution of deep-level angiosperm divergences (Jian et al. 2008; Brockington et al. 2009; Wang et al. 2009 ). Consequently, the IR region may hold great promise in helping to resolve remaining problem areas within Angiospermae phylogeny. Combining all existing flowering plant IR sequences with a number of new IR sequences may mitigate the problems with low taxon density seen in complete plastid genome data sets and may therefore provide increased resolution and support for deeper-level Angiospermae relationships. In this study, we report analyses that test this hypothesis, with a particular focus on relationships within Eudicotyledoneae. Despite the low rate of evolution within the IR, we find that ML and maximum parsimony (MP) analyses of the IR region are highly congruent with recent plastid phylogenomic analyses, although at several deeper nodes MP trees display evidence of systematic error associated with long branches.
Material and Methods

Taxon Sampling
The complete data matrix contained 246 accessions (including 244 species), including 235 accessions of Angiospermae and 11 Acrogymnospermae (¼extant gymnosperms) as outgroups. All major deeper-level clades and all but five orders of Angiospermae (sensu APG III 2009) were represented, as were the major Acrogymnospermae lineages: Cycadophyta, Ginkgo, Pinaceae, Cupressophyta, and all three genera of Gnetophyta (app. A). All available complete Angiospermae IR sequences were downloaded from GenBank (app. A). To help resolve the phylogenetic positions of several angiosperm groups, especially among the basalmost lineages of Eudicotyledoneae and Pentapetalae, we increased sampling by obtaining complete or partial IR sequence data from several additional taxa, including one species of Nymphaeales (Trithuria), one species of Chloranthaceae (Hedyosmum), one species of Magnoliidae (Aristolochia), four species of Monocotyledoneae (Lilium, Spathiphyllum, Tradescantia, and Vallisneria), and 29 species of Eudicotyledoneae, distributed among numerous orders: Berberidopsidales (Aextoxicon), Boraginales (Ehretia), Dilleniaceae (Acrotrema, Curatella, Davilla, Dillenia, Hibbertia, Pinzona, and Tetracera), Dipsacales (Lonicera), Ericales (Rhododendron), Garryales (Aucuba), Gentianales (Nerium), Gunnerales (Myrothamnus), Lamiales (Antirrhinum), Malpighiales (Caryocar, Erythrospermum, and Malesherbia), Proteales (Nelumbo), Sabiaceae (Meliosma), Santalales (Heisteria, Phoradendron, and Ximenia), Saxifragales (Heuchera and Liquidambar), Trochodendrales (Trochodendron), unplaced 
DNA Amplification and Sequencing
DNA was extracted from fresh leaf material and from herbarium specimens with the method of Doyle and Doyle (1987) , but including the modifications of Soltis et al. (1991) . New IR sequences were generated in one of two ways. The IR regions of Acrotrema, Aextoxicon, Caryocar, Cissus, Cynomorium, Curatella, Davilla, Erythrospermum, Hibbertia, Malesherbia, Myrothamnus, Pinzona, Tetracera, and Tetrastigma were sequenced using the ASAP primers of Dhingra and Folta (2005) , following the protocols of Dhingra and Folta (2005) , Jian et al. (2008) , and Wang et al. (2009) . Final sequences were annotated using default parameters in the program DOGMA (Wyman et al. 2004) , with ''Ns'' placed in the alignment for missing sequence. The IR regions of Antirrhinum, Aristolochia, Aucuba, Ehretia, Dillenia, Hedyosmum, Heisteria, Heuchera, Lilium, Liquidambar, Lonicera, Meliosma, Nelumbo, Nerium, Phoradendron, Rhododendron, Spathiphyllum, Tradescantia, Trithuria, Trochodendron, Vallisneria, and Ximenia were generated as part of complete plastid genome sequencing using the chloroplast isolation and rolling-circle amplification protocols of Moore et al. (2006 Moore et al. ( , 2007 . For these taxa, sequencing was performed on a 454 GS 20 or GS FLX sequencer (454 Life Sciences, Branford, CT), following the protocols of Moore et al. (2006 Moore et al. ( , 2007 .
Alignment
To facilitate alignment, all IR sequences were divided into 40 gene, intron, and intergenic spacer regions, and each region was aligned individually. Not all regions were present for all taxa; table B1, in the online edition of the International Journal of Plant Sciences, indicates the regions missing for each taxon, as well as the percentage of data present per taxon and per region. For taxa lacking the IR (e.g., Pinaceae and the IR-lacking clade of Fabaceae), gene regions corresponding to the IR were extracted and aligned. Intron and spacer regions were aligned initially with Clustal X (Jeanmougin et al. 1998) with default settings; these alignments were then adjusted manually with MacClade 4.08 (Maddison and Maddison 2003) . In regions of unambiguous alignment, misaligned indel boundaries in noncoding sequence were shifted according to the criteria of Kelchner (2000) . All IR coding regions were aligned manually, with the 86-taxon alignments of Moore et al. (2010) as a starting point. Inversions are frequently encountered in noncoding regions of plastid DNA Borsch and Quandt 2009) , and consequently all 40 individual region alignments were thoroughly searched at least twice by eye for inversions, which were reversed and complemented before analysis. Regions that were globally difficult to align were excluded, as were all insertions present in only one or a few taxa. It was difficult to align some stretches of the IR for a few taxa with elevated rates of evolution (e.g., portions of intergenic spacers and ycf2 in conifers and Gnetophyta). To preserve the phylogenetic signal present within remaining taxa at these positions, the difficult-to-align sequence regions in taxa with elevated evolutionary rates were moved into manually created alignment gaps that were subsequently excluded from analyses. The final aligned length (after character exclusion) for each region is provided in table B2 in the online edition of the International Journal of Plant Sciences.
Phylogenetic Analyses
MP and ML analyses were performed. MP analyses were conducted in PAUP* 4.0b10 (Swofford 2000) . Shortest trees were obtained by means of heuristic searches with 1000 random taxon addition replicates and tree-bisection-reconnection (TBR) branch swapping and saving all shortest trees per replicate. Bootstrap support (BS) for relationships (Felsenstein 1985) was estimated from 1000 bootstrap replicates using 10 random taxon additions per replicate, with TBR branch swapping (saving all trees).
ML analyses were implemented in RAxML, version 7.2.6 (Stamatakis 2006). All ML analyses used the general timereversible with GAMMA distributed rates (GTRGAMMA) model of nucleotide sequence evolution. We conducted both unpartitioned and partitioned analyses. Several partitioning schemes were investigated, involving between three and eight data partitions and generally separating protein-coding, RNAcoding, and noncoding characters. Likelihood ratio tests determined that the eight-partition analysis produced significantly better likelihood scores than other partitioning schemes (including a single partition, hereafter termed ''unpartitioned''). For all analyses, we used a single set of branch lengths for all partitions, because missing data created unrealistic branch lengths when branch lengths were estimated on a per-partition basis. The eight partitions were (1) first and second codon positions of all coding genes except ycf1 and ycf2, (2) third codon positions of all coding genes except ycf1 and ycf2, (3) first and second codon positions of ycf1 and ycf2, (4) third codon positions of ycf1 and ycf2, (5) rRNA genes, (6) tRNA genes (excluding tRNA introns), (7) intergenic spacers, and (8) introns. For both unpartitioned and eight-partition analyses, 50 independent ML searches were conducted. Bootstrap support was estimated with 800 bootstrap replicates. Bootstrap proportions were drawn on the tree with highest likelihood score from the 50 independent searches. Finally, to evaluate how the taxon sampling in our 244-taxon analyses influenced topology and phylogenetic support values, compared to taxon sampling in the most taxon-rich plastid phylogenomic analyses currently available (Moore et al. 2010 ), we analyzed a smaller IR data set of 87 species that corresponds in taxon sampling to the 86-taxon, 83-gene analyses of Moore et al. (2010) , with Cynomorium also included. ML bootstrap analyses were conducted as above, using eight partitions.
Results
Data Set Characteristics
The total aligned length of the IR data set, after character exclusion, was 24,702 characters. The total amount of missing data (including gaps) after character exclusion was 543 16.1%. General data set characteristics, including aligned length and number of parsimony-informative characters for each of the 40 regions of the IR, are given in table B2. The regions with the highest numbers of parsimony-informative characters per aligned sequence length were spacer regions and the protein-coding genes ycf1 and ycf2, whereas RNA genes had the lowest numbers. All 40 regions (including spacer regions) were at least partially alignable across all Angiospermae, and most regions (including all coding regions and introns) were alignable across Acrogymnospermae and Angiospermae. The number of included characters per region for each taxon is given in table B2. The full data set has been deposited in TreeBASE (http://purl.org/phylo/treebase/phylows/ study/TB2:S10503) and is also available from the authors upon request. The newly generated IR sequences are available in GenBank (app. A).
ML Results for the 244-Taxon Data Matrix
ML analyses of the 244-taxon matrix under the eightpartition and unpartitioned strategies yielded nearly identical topologies, with very similar BS values throughout (figs. 1, 2; fig. B1 , available in the online edition). Consequently, we focus below primarily on results from the eight-partition ML analysis; unless otherwise noted, the BS proportions given below refer to this analysis ( fig. 2 ).
Topology Overview
Within Acrogymnospermae, the branch separating Cycas and Ginkgo from the remaining Spermatophyta was supported at BS ¼ 72% ( fig. 2A ). Conifers þ Gnetophyta formed a clade with 100% ML BS. Within this clade, Cryptomeria (Cupressophyta) þ Gnetophyta formed a clade with BS ¼ 100%.
The root of Angiospermae was poorly supported in both partitioned and unpartitoned analyses. Both found Amborella to be sister to the remaining Angiospermae, though with BS < 50% (figs. 1, 2, B1). All 50 partitioned replicate ML searches found this result and were identical throughout except for the placement of Rivina, Sarcobatus, and Phytolacca. However, in the unpartitioned searches, only 10 of the 50 replicates found Amborella to be sister to the remaining Angiospermae, while the other 40 found Amborella þ Nymphaeales to be sister to the remaining Angiospermae. However, the tree with the highest ln L score from the unpartitioned analyses did place Amborella as sister to the remaining Angiospermae. Following these two lineages, Austrobaileyales þ Mesangiospermae formed a strongly supported clade (BS ¼ 100%; fig. 2A ).
Within Mesangiospermae, five major strongly supported (BS ¼ 100%) basal clades were recovered: Monocotyledoneae, Magnoliidae, Eudicotyledoneae, Ceratophyllum, and Chloranthaceae. However, relationships among them were not strongly supported ( fig. 2A ). In the ML tree, Monocotyledoneae, Magnoliidae, and a Ceratophyllum þ Chloranthaceae clade were successively sister to Eudicotyledoneae, but only the branch uniting Eudicotyledoneae, Ceratophyllum, and Chloranthaceae (BS ¼ 76%) had BS > 55% in the 244-taxon tree ( fig. 2A ). Within Monocotyledoneae, Acorus (Acoraceae) was sister to a clade consisting of Alismatales þ all remaining Monocotyledoneae (BS ¼ 100%; fig. 2A ). Relationships among Dioscoreales (represented by Dioscorea), Liliales (represented by Lilium), Asparagales, and Commelinidae were weakly supported, although the lattermost clade was well supported (BS ¼ 98%; fig. 2A ). Within Magnoliidae, Canellales þ Piperales (BS ¼ 63%) were sister to Magnoliales þ Laurales (BS ¼ 98%; fig. 2A ).
Eudicotyledoneae
Within Eudicotyledoneae, Ranunculales (BS ¼ 100%) were sister to the remaining Eudicotyledoneae with strong support (BS ¼ 99%), followed by a Meliosma (Sabiaceae) þ Proteales clade ( fig. 2A) , which received BS < 52% in all IR ML analyses. The IR data strongly supported (BS ¼ 100%) a clade consisting of Buxales, Trochodendrales, and Gunneridae (¼core eudicots), with the latter two clades strongly supported as sisters (BS ¼ 93% in partitioned and unpartitioned 244-taxon analyses; BS ¼ 98% in the 87-taxon tree; figs. 2, 3, B1).
Within Gunneridae (BS ¼ 100%), the well-supported Gunnerales (100%) were sister to the strongly supported Pentapetalae (BS ¼ 98%; fig. 2A ). Pentapetalae were resolved into three major clades: (1) Dilleniaceae; (2) a ''superasterid'' clade consisting of Santalales, Caryophyllales, Berberidopsidales, and Asteridae; and (3) a ''superrosid'' clade consisting of Vitaceae, Saxifragales, and Rosidae ( fig. 2A) . Support for the individual monophyly of both superasterids and superrosids was moderately high (BS % 85% for both clades in both partitioned and unpartitioned 244-taxon trees; figs. 2A, B1). Support for the sister relationship of Dilleniaceae to superasterids þ superrosids was moderate in both partitioned (BS ¼ 70%) and unpartitioned (BS ¼ 79%) 244-taxon analyses ( figs. 2A, B1 ).
Superrosids
In all trees, Saxifragales were sister to Rosidae (figs. 2, 3, B1), but this clade was only weakly supported (BS ¼ 59%) in the 244-taxon trees ( fig. 2B ). The monophyly of Saxifragales was well supported (BS ¼ 92%; fig. 2B ). In the 244-taxon tree, Peridiscaceae were sister to a well-supported clade (BS ¼ 100%) containing all remaining Saxifragales, which were divided into two strongly supported sister clades ( fig. 2B): (1) Paeoniaceae plus the woody clade (BS ¼ 98%), comprising Cercidiphyllaceae, Daphniphyllaceae, Altingiaceae, and Hamamelidaceae; and (2) core Saxifragales (BS ¼ 100%), comprising Crassulaceae, Haloragaceae s.l., and the Saxifragaceae alliance (Saxifragaceae, Grossulariaceae, Iteaceae, and Pterostemonaceae).
Rosidae were strongly supported as monophyletic (BS ¼ 94%) and were resolved into two major subclades, each of which was also strongly supported ( fig. 2B ): (1) Fabidae (fabids/ eurosids I; BS ¼ 97%), which included the nitrogen-fixing clade (Fabales, Cucurbitales, Fagales, and Rosales) , the COM clade (Celastrales, Oxalidales, and Malpighiales), and Zygophyllales; and (2) Malvidae (BS ¼ 95%), which included Brassicales, Malvales, Huerteales, Sapindales, and Picramniaceae as well as Crossosomatales, Myrtales, and Geraniales (we follow Judd et al.
[forthcoming] in recognizing 544 Fig. 1 Phylogram depicting the best maximum likelihood tree (lnL ¼ À424;640:15) for the 244-taxon data set using eight partitions. Hatch marks indicate branches that have been shortened to allow the topology to fit on one page. Fig. 2 Cladogram depicting the best maximum likelihood (ML) tree for the 244-taxon data set using eight partitions. Numbers above branches are ML bootstrap proportions. A, Deeper-level relationships, with superrosids and superasterids collapsed; B, superrosid relationships; C, superasterid relationships. Fig. 3 Cladogram depicting the best maximum likelihood (ML) tree for the 87-taxon data set (lnL ¼ À238;578:95). Numbers above branches are ML bootstrap support (BS) proportions based on the 87-taxon data set; italicized numbers below the branches indicate ML BS proportions for the 244-taxon, eight-partition analysis for the corresponding clades (i.e., from fig. 2 ). For example, the italicized ML BS proportion for the branch uniting Ximenia and Phoradendron (Santalales) indicates the BS proportion for the branch uniting all species of Santalales in the 244-taxon analysis ( fig. 2) . Asterisks under branches indicate branches that are not shared between the 87-and 244-taxon analyses.
Fig. 2 (Continued)
an expanded Malvidae). Relationships among major subclades within Rosidae were generally well supported, with the exception of relationships among the orders comprising the COM clade. Within this clade, Celastrales þ Malpighiales formed a clade with BS < 50%. The holoparasite Cynomorium was resolved within Rosales as sister to Rosaceae with weak support (BS ¼ 67% for Rosaceae þ Cynomorium; BS ¼ 83% for the entire clade of Rosales including Cynomorium; fig. 2B ).
Superasterids
Four major basal clades of superasterids were recovered in all ML analyses: Santalales, Berberidopsidales, Caryophyllales, and Asteridae. Santalales (BS ¼ 82%) were sister to a strongly supported clade containing all remaining superasterids (BS ¼ 97%). Within the latter clade, Caryophyllales were sister to a weakly supported Berberidopsidales þ Asteridae clade (BS ¼ 55% in the partitioned 244-taxon analysis; BS ¼ 68% in the unpartitioned analysis; figs. 2C, B1). Caryophyllales were strongly supported as monophyletic in the 244-taxon tree (BS ¼ 100%) and were resolved into two well-supported sister clades ( fig. 2C ): noncore Caryophyllales (BS ¼ 98%), consisting of Polygonaceae, Plumbaginaceae, Tamaricaceae, Frankeniaceae, and the carnivorous clade (represented by Nepenthaceae and Drosophyllaceae in the IR tree); and core Caryophyllales (BS ¼ 96%), consisting of all remaining families. Within the strongly supported but more sparsely sampled Asteridae (BS ¼ 99%), Cornales were sister to the remaining Asteridae (BS ¼ 90%; fig. 2C ). Both of the major core Asteridae clades, Lamiidae and Campanulidae, were strongly supported (BS ¼ 100%). Within Campanulidae, Aquifoliales (represented by Ilex) were sister to the remaining members of the clade (BS ¼ 100%; fig. 2C ).
Influence of Taxon Sampling on Topology and Branch Support
Although ML topologies based on analyses of the 87-and 244-taxon matrices were highly congruent, three important topological differences were observed between them (figs. 2, 3). In the 87-taxon tree, Amborella was sister to Nymphaeales, although with weak support (BS ¼ 55%; fig. 3 ). Likewise, Dilleniaceae were sister to superasterids in the 87-taxon tree rather than to superrosids þ superasterids, but again with poor support (BS ¼ 44%; fig. 3 ). Finally, Cynomorium formed a moderately supported (BS ¼ 79%) clade with Quercus and Cucumis in the 87-taxon tree, whereas it was weakly supported as sister to Rosaceae in the 244-taxon tree.
BS values occasionally varied substantially between the 87-and 244-taxon ML trees. BS values were sometimes lower in the 244-taxon partitioned-analysis tree in regions where taxon sampling was increased; examples include the branch separating Vitaceae from Saxifragales and Rosidae (BS ¼ 86% in the 87-taxon tree and 59% in the 244-taxon tree) and the branches separating the five major lineages of Mesangiospermae (which declined from BS values of 73%-86% in the 87-taxon tree to 39%-76% in the 244-taxon tree; figs. 2, 3). However, in some instances BS improved markedly with additional taxon sampling. ML BS for the sister relationship of Dilleniaceae to the remaining Pentapetalae improved from <50% in the 87-taxon tree to 70%-79% (depending on partitioning scheme) in the 244-taxon trees ( figs. 2, 3) . Likewise, support for a clade consisting of Cucurbitales, Fagales, Rosales, and Cynomorium improved significantly with additional taxon sampling (from BS ¼ 68% to BS ¼ 100%), as did support for a clade consisting of Myrtales and Geraniales (from BS ¼ 63% to BS ¼ 91%; figs. 2, 3) . BS for relationships among the four major clades of Magnoliidae also improved markedly: support for Magnoliales þ Laurales improved from 78% to 98%, while support for Piperales þ Canellales improved from 43% to 63% (figs. 2, 3).
MP Topology
Relationships within the MP tree were largely congruent with those within the ML tree, but there were several key topological differences ( fig. B2 ). For example, in the MP tree Nymphaeales were not monophyletic; instead, Trithuria (Hydatellaceae) and the remaining Nymphaeales were recovered as successive sisters to all other Angiospermae, with BS ¼ 79% ( fig. B3 ). Several taxa characterized by long branches also formed clades in the MP tree that were absent in the ML trees. These included clades of Vallisneria (Hydrocharitaceae, Alismatales) and grasses, with BS ¼ 69% (the remaining Alismatales were sister to this clade, but with BS < 50%); Rhododendron (Ericaceae), Scaevola (Goodeniaceae), and Trachelium (Campanulaceae), with BS ¼ 53%; and Zygophyllales within Geraniales, with BS ¼ 65% ( fig. B3 ). Monocotyledoneae displayed other differences between the MP and ML topologies as well; most notably, in the MP tree, Typha (Typhaceae) was sister to Lilium (Liliaceae) rather than to Poaceae ( fig. B3 ). Other parts with weaker BS also differed between MP and ML trees. For example, in the MP tree, Paeonia (Paeoniaceae) was sister to Cercidiphyllum (Cercidiphyllaceae) rather than to the woody Saxifragales clade, and Oxalidales and Celastrales were sisters in the MP tree ( fig. B3 ) whereas Celastrales was sister to Malpighiales in the ML trees (figs. 2, 3).
Discussion
Overall, the IR ML results are highly congruent with those of recent gene-rich plastid studies (Jansen et al. 2007; Moore et al. 2007 Moore et al. , 2010 , suggesting that we have converged on a stable and largely well-supported view of relationships at deeper levels of the angiosperm tree of life. Relationships among Amborella, Nymphaeales, Austrobaileyales, and Mesangiospermae are congruent topologically with those found in most previous studies (Leebens-Mack et al. 2005; Jansen et al. 2007; Moore et al. 2007; Saarela et al. 2007; Soltis et al. 2007; Moore et al. 2010) , although the positions of Amborella and Nymphaeales are inconsistent, depending on optimality criterion and taxon sampling (figs. 2, 3, B1, B3). The root of Angiospermae has been similarly weakly or moderately supported in many other recent phylogenetic analyses based on smaller numbers of genes (Barkman et al. 2000; Zanis et al. 2002; Saarela et al. 2007; Worberg et al. 2007 ; 550 Graham and Iles 2009), although recent 61-and 83-gene plastid analyses have provided 100% ML BS for an Amborella þ remaining Angiospermae topology (Jansen et al. 2007; Moore et al. 2007 Moore et al. , 2010 . Relationships within (but not among; see below) the five major clades of Mesangiospermae are also highly congruent between the IR and other recent plastid genome analyses. Deeper-level relationships within Magnoliidae and Monocotyledoneae are identical between our IR tree and other recent analyses (Cai et al. 2006; Chase et al. 2006; Givnish et al. 2006; Graham et al. 2006; Jansen et al. 2007; Li and Zhou 2007; Moore et al. 2007 Moore et al. , 2010 Saarela et al. 2007 ), while Eudicotyledoneae relationships are nearly so. For example, Pentapetalae are resolved into three major clades (Dilleniaceae, superasterids, and superrosids) in both our IR ML tree ( fig. 2A ) and the ML trees of Burleigh et al. (2009) and Moore et al. (2010) . Likewise, almost all deeper relationships within Caryophyllales, Rosidae, and Asteridae are congruent with those of recent large-scale analyses (Bremer et al. 2002; Worberg et al. 2007 Worberg et al. , 2009 Brockington et al. 2009; Schä ferhoff et al. 2009; Wang et al. 2009; Moore et al. 2010) .
Differences in topology between the IR tree and previous trees based on 61-83 plastid genes (Jansen et al. 2007; Moore et al. 2007 Moore et al. , 2010 are confined to nodes that were only weakly or moderately supported in the IR and/or the 61-83-gene analyses. For example, Jansen et al. (2007) and Moore et al. (2007 Moore et al. ( , 2010 recovered Chloranthaceae þ Magnoliidae clade as sister to a Monocotyledoneae þ (Ceratophyllum þ Eudicotyledoneae) clade, using 61-83 plastid genes, although relationships were generally only moderately supported in these analyses. Moreover, topology tests could not reject a number of alternative relationships among these five clades in the 61-gene analyses of Moore et al. (2007) . Likewise, the well-supported position of Buxales as sister to Gunneridae in the IR tree ( fig. 2A ) also differs from the findings of many previous analyses, which have recovered Buxales as sister to Gunneridae, although generally with only weak or moderate support (Qiu et al. 2006; Worberg et al. 2007; Burleigh et al. 2009; Moore et al. 2010) . The position of Dilleniaceae has never been consistently strongly supported in ML analyses (Qiu et al. 2006; Worberg et al. 2007; Moore et al. 2010) , and the position of Dilleniaceae as sister to the remaining Pentapetalae is similarly only moderate in the 244-taxon IR trees ( fig. 2A) . Moreover, topology tests using the 83-gene data matrix of Moore et al. (2010) could not reject the sister relationships of Dilleniaceae to all other Pentapetalae or to superasterids, which was the position recovered for Dilleniaceae in both the 87-taxon IR analyses and the fivegene, 567-taxon analyses of Burleigh et al. (2009) .
Other examples of weakly supported incongruence between the IR tree and other recent analyses include the position of Berberidopsidales, the relationships among the three basalmost lineages of superrosids (Rosidae, Saxifragales, and Vitaceae), and relationships among the COM clade. In contrast to the position of Berberidopsidales as sister to Asteridae (with Caryophyalles sister to this clade) in the IR tree ( fig. 2C) , Moore et al. (2010) found stronger support for a Berberidopsidales þ (Caryophyllales þ Asteridae) clade. The positions of Saxifragales and Vitaceae with respect to Rosidae are also weakly supported in the IR tree ( fig. 2B ). While these three lineages have consistently formed a strongly supported clade in recent large-scale analyses (Qiu et al. 2006; Worberg et al. 2007; Burleigh et al. 2009; Moore et al. 2010) , relationships among them have varied without strong support and consequently remain unsettled. Finally, in the IR ML tree, Celastrales þ Malpighiales formed a clade with BS < 50%, in contrast to the findings of other recent largescale studies, all of which have recovered differing topologies among the major subclades within the COM clade: Celastrales were sister to Oxalidales in Moore et al. (2010) , Celastrales þ Huaceae were sister to Malpighiales þ Oxalidales in Wang et al. (2009) , and Celastrales were strongly supported as sister to the remaining members of the COM clade in the 13-gene, taxon-rich analyses of the COM clade in Wurdack and Davis (2009) .
The generally lower support observed in the IR trees for branches that have been difficult to resolve in previous analyses likely reflects the relatively low evolutionary rate within the IR Jian et al. 2008) , which results in fewer characters supporting individual branches, despite the presence of nearly 25,000 characters in the analysis. Nevertheless, this low rate has proved advantageous in the reconstruction of relationships within some groups of Eudicotyledoneae. In IR-based analyses of Saxifragales (Wang et al. 2009 ) and Rosidae (Moore et al. 2010) , MP and ML topologies were identical, even in difficult areas of the tree (e.g., the position of Paeoniaceae within Saxifragales and the position of Zygophyllales within Rosidae). This suggests that the lower evolutionary rate of the IR may in general reduce problems in topology and support due to systematic error, particularly for MP (Felsenstein 1978; Bull et al. 1993 ), although Yang (1998 found that in simulated data sets of varying evolutionary rates, ML also recovers a higher percentage of correct partitions when more slowly evolving sequences are analyzed. Recent simulations of phylogenetic informativeness as a function of evolutionary rate support our empirical observation: Klopfstein et al. (2010) found that sequences with slower rates of evolution become increasingly advantageous for phylogenetic reconstruction as the number of taxa in an analysis increases because the amount of homoplasy is much less dependent on taxon number in slowly evolving sequences than in more quickly evolving sequences.
However, the lack of congruence between the MP and ML trees reported here in some deeper angiosperm relationships indicates that even within the IR, systematic error may sometimes be a problem. This is not very surprising, given that most of the incongruence between the MP and ML trees is confined to lineages that are characterized by long branches, such as Trithuria, Vallisneria, Poaceae, Scaevola, and Trachelium (figs. 1, B2). Most of these lineages either have a reduced plastid genome as a result of being parasitic (e.g., Cuscuta [McNeal et al. 2007] , Epifagus [dePamphilis and Palmer 1990] , and Phoradendron [M. J. Moore, P. S. Soltis, and D. E. Soltis, unpublished data]) or possess a highly rearranged plastid genome (e.g., Scaevola [Downie and Palmer 1992] , Trachelium [Haberle et al. 2008] , Pelargonium [Chumley et al. 2006] , Vallisneria [M. J. Moore, P. S. Soltis, and D. E. Soltis, unpublished data] , and Trifolium [Cai et al. 2008] ). Reduction and rearrangement of the plastid genome have 551 both been shown to be correlated with an elevated rate of nucleotide substitution (Jansen et al. 2007; Guisinger et al. 2008) . Contraction or loss of the IR might also be expected to cause a substantial increase in evolutionary rate in genes normally found in the IR, by releasing these genes from recombination. Two groups of seed plants-conifers and the IR-lacking clade of papilionoid legumes (represented by Cicer, Medicago, and Trifolium in the 244-taxon tree)-are known to have completely or essentially completely lost the IR (Raubeson and Jansen 1992; Wojciechowski et al. 2004; Jansen et al. 2008) , and these two groups are indeed characterized by extremely long branches in the IR ML tree ( fig. 1) . A similar phenomenon might be expected in regions that have migrated outside of the IR because of IR contraction, which has occurred in a handful of taxa included in our analyses: rpl2 and rpl23 lie outside the IR in Anethum (Plunkett and Downie 2000) ; ycf1, rpl2, and the 39 end of rpl23 lie outside the IR in Lonicera (M. J. Moore, P. S. Soltis, and D. E. Soltis, unpublished data); and trnR-ACG, trnN-GUU, and ycf1 lie outside the IR in Phoradendron (M. J. Moore, P. S. Soltis, and D. E. Soltis, unpublished data) . No other examples of IR loss or contraction in our data set are evident, although we would not be able to detect such a phenomenon in IR sequences that we sequenced conventionally using ASAP primers. An elevated rate of evolution due to IR contraction or loss might lead to problems in phylogenetic estimation because of rate heterogeneity among lineages (i.e., heterotachy; Philippe et al. 2005) , although none of the taxa with a reduced or absent IR included in the 244-taxon ML analyses occurs in a phylogenetic position that is unusual compared to that in trees from previous analyses based largely on normally single-copy plastid genes (Burleigh et al. 2009; Moore et al. 2010) .
In other regions where the 244-taxon IR tree and the 83-gene plastid genome ML tree of Moore et al. (2010) differ, such as the position of Buxales with respect to Trochodendrales and Gunneridae and the position of Dilleniaceae within Pentapetalae, it is difficult to say whether the more slowly evolving IR provides the ''true'' phylogenetic signal (i.e., species tree) for these groups, particularly given the lower BS values that characterize these nodes in the IR and/ or the 83-gene analyses. Future combined IR þ 83-gene analyses with additional taxon sampling may resolve this issue.
The strong congruence in overall topology and support values observed between the trees based on analyses of the complete 244-taxon and reduced 87-taxon matrices suggests that most relationships and support values obtained in the similar 86-taxon, 83-gene ML tree of Moore et al. (2010) may not be significantly influenced by the addition of new taxa. Nevertheless, the few significant changes in support values observed at certain key nodes between the 87-taxon and 244-taxon IR data sets (e.g., increased support for Dilleniaceae þ remaining Pentapetalae and reduced support for basal Mesangiospermae; figs. 2, 3) indicate that increased taxon sampling in future plastid phylogenomic analyses may dramatically influence support values in some currently poorly sampled regions of the 83-gene tree. Collectively, these shifts in support values reiterate the importance of carefully considering taxon sampling in the design of phylogenomic sequencing projects. Future plant phylogenomic analyses should be guided by prior phylogenetic studies with far more taxa but far fewer genes. In particular, investigators should include samples representing all major clades identified from these taxon-rich analyses, with a special effort to span the basal node of each of these clades, where known.
Although not explicit foci of the current work, the position of Gnetophyta as sister to Cupressophyta and the position of the holoparasite Cynomorium as sister to Rosaceae in our IR analyses are also worth noting ( figs. 1-3) . In all recent analyses, Gnetophyta have been closely associated with Coniferae, albeit in differing positions (reviewed in Mathews 2009). Gnetophyta have most frequently been recovered as sister to Pinaceae (plastid structural data seem to support this as well; Braukmann et al. 2009 ), but they have also been resolved as sister to Cupressophyta and to Cupressophyta þ Pinaceae. IR branch lengths in the ML tree were quite long for both Cryptomeria and Gnetophyta ( fig. 1) , reflecting a highly elevated rate of evolution, and it is therefore impossible with the available taxon sampling to rule out the effects of systematic error causing Cryptomeria and Gnetophyta to be sister, even under ML. Finally, our results confirm the IR placement of Cynomorium as sister to Rosaceae found in the study of Zhang et al. (2009) , which contained limited taxon sampling. In contrast to plastid data, nuclear and mitochondrial data place Cynomorium within either Saxifragales or Sapindales (Nickrent et al. 2005; Barkman et al. 2007 ).
Conclusions
The overall congruence between our ML trees and those of recent plastid genome-scale studies improves confidence in the emerging view of deeper-level Angiospermae relationships, particularly given the improved taxon sampling in IR trees and the fact that much of the phylogenetic signal in the IR data set arises from regions (e.g., spacers and introns) that were not sampled across Angiospermae in previous genomescale analyses. In the future, it will be valuable to combine IR sequences with as much alignable sequence as possible from the single-copy regions to examine phylogenetic signal rigorously throughout the plastid genome. Furthermore, our results emphasize that the IR, while not necessarily immune to problems due to rate heterogeneity, is nevertheless a valuable source of data at deeper levels of angiosperm phylogeny, particularly at the level of major clades such as Rosidae and Saxifragales. Our results further suggest that the IR may be useful for phylogenetic inference outside of Angiospermae as well. Moreover, because it is easily amplified with conserved primers, the IR can be a useful source of data for deeper-level phylogenetic studies when complete plastid genome sequence data are implausible or impractical. Efforts in the near future should aim at expanding taxonomic coverage of the IR in poorly sampled lineages such as Monocotyledoneae and Asteridae. nome sequences and Tom Givnish for leaf material of Lilium superbum. We acknowledge the University of Florida (UF) High-Performance Computing Center and the UF Genetics Institute for providing computational resources and support that have contributed to the research results reported in this article. We also thank Rob Ferl and Beth Laughner for lab space and general lab assistance and Gordon Burleigh for helpful correspondence. This study was carried out as part of the Angiosperm Tree of Life Project (NSF grant EF-0431266 to D. E. Soltis and P. S. Soltis, among others).
Appendix A Taxa Included in Phylogenetic Analyses
The following information is given for each species in the list: APG III (2009) ordinal classification (for Angiospermae) or higher clade (Acrogymnospermae), family, species, voucher specimen (for all taxa newly deposited in GenBank), and GenBank accession number(s). An asterisk indicates species whose IR was sequenced for this study.
